Many chemotherapeutics suffer from poor aqueous solubility and tissue selectivity. Distearoylphosphatidylethanolaminepoly(ethylene glycol) (DSPE-PEG) micelles are a promising formulation strategy for the delivery of hydrophobic anticancer drugs. However, storage and in vivo instability restrict their use. The aim of this study was to prepare mixed micelles, containing a novel polymer, lipoic acid-chitosan-poly(ethylene glycol) (LACPEG), and DSPE-PEG, to overcome these limitations and potentially increase cancer cell internalisation. Drug-loaded micelles were prepared with a model tyrosine kinase inhibitor and characterized for size, surface charge, stability, morphology, drug entrapment efficiency, cell viability (A549 and PC-9 cell lines), in vivo biodistribution, ex vivo tumor accumulation and cellular internalisation. Micelles of size 30-130 nm with entrapment efficiencies of 46-81% were prepared. LACPEG/DSPE-PEG mixed micelles showed greater interaction with the drug (condensing to half their size following entrapment), greater stability, and a safer profile in vitro compared to DSPE-PEG micelles. LACPEG/DSPE-PEG and DSPE-PEG micelles had similar entrapment efficiencies and in vivo tumor accumulation levels, but LACPEG/DSPE-PEG micelles showed higher tumor cell internalisation. Collectively, these findings suggest that LACPEG/DSPE-PEG mixed micelles provide a promising platform for tumor delivery of hydrophobic drugs.
Introduction
Chemotherapeutic agents act via various mechanisms to inhibit tumor growth, angiogenesis and metastasis, as well as to increase cancer cell apoptosis. Poor aqueous solubility and bioavailability are key limitations for several of these agents that are administered via the oral route. In the clinic, in order to achieve therapeutic concentrations at the target site, dose escalation of the drug is sometimes employed (Farhat and Houhou, 2013; Xue et al., 2015) which is, in turn, associated with increased toxicity. Furthermore, poor aqueous solubility also prevents their administration intravenously, a route which may be considered for patients incapable of taking the drug orally. Thus, it would be extremely beneficial to develop alternative delivery systems for these agents.
Polymeric micelles (b 100 nm), comprising amphiphilic polymers, are emerging as promising drug delivery vehicles for poorly watersoluble drugs (Kim et al., 2010) . Their structure presents a number of advantages; with their inner core aiding hydrophobic drug incorporation and the outer hydrophilic shell reducing particle aggregation and opsonisation (Torchilin, 2001) , thereby hindering uptake by the reticuloendothelial system (Haag, 2004; Torchilin, 2007) . The latter prolongs the circulation half-life, an effect which when considered with their small size, promotes passive accumulation at the tumor site as a result of the enhanced permeation and retention (EPR) effect (Maeda et al., 2013) . These advantages for site-specific drug delivery could potentially improve the delivery of traditional and emerging chemotherapeutic drugs, which might otherwise have been abandoned due to insolubility and toxicity.
An increasing number of micelle formulations are under investigation in preclinical and clinical studies for the delivery of hydrophobic anticancer drugs. One such example is NK012, which has entered phase II clinical trials. This is a block copolymer of poly(ethylene glycol) (PEG) and polyglutamate conjugated to the drug, 7-ethyl-10-hydroxycampothecin . This micellar system demonstrated promising results with an up to 5.8-fold higher IC50 values and lower clearance relative to free SN-38 (Burris et al., 2016; Koizumi et al., Bcl-2) (Choi et al., 2009; Dozio et al., 2010; Michikoshi et al., 2013; Na et al., 2009; Wenzel et al., 2005) . These properties could help to augment those of the drug and result in a greater inhibition of tumor cell growth. Chitosan was selected for its mucoadhesive, antioxidant, antiangiogenic and wound-healing properties (Sogias et al., 2008; Xu et al., 2009; Yen et al., 2008) , as well as its polycationic nature which may increase cellular uptake (with amino groups which could be ionized at acidic pH in the tumor environment).
Based on the above, the aim of this study was to prepare mixed micelles of LACPEG and DSPE-PEG and to analyse their efficacy in preclinical in vitro and in vivo studies for the delivery of a hydrophobic anticancer drug. A prototype EGFR tyrosine kinase inhibitor with the following characteristics was selected; molecular weight (Mw b 1 kDa), sparingly soluble or practically insoluble across the physiological pH range and Log P: 4.85. This is the first study which investigates the use of this novel polymer, LACPEG, with DSPE-PEG for the delivery of a hydrophobic anticancer drug.
Materials and Methods

Materials
The hydrophobic drug used is AstraZeneca proprietary (Log P: 4.85, pKa: 5.42 and 7.24) . Chitosan oligosaccharide (Mw 3-5 kDa, degree of deacetylation, N90%, Kittolife Co., Seoul, Korea), 1,2-distearoyl-snglycero-3-phosphatidylethanolamine-n-methoxy(polyethylene glycol)-2000 (DSPE-PEG, Mw 2 kDa, Lipoid GmBH, Germany) were used in this study. The following reagents, solvents and solutions were obtained from Sigma Aldrich (USA): poly(vinyl alcohol) (PVA, Mw 13-23 kDa, 87-89% hydrolyzed), lipoic acid, N-hydroxysuccinimide (NHS, 98%), dichloromethane (DCM, N 99.8%, anhydrous), dimethylsulfoxide (DMSO, anhydrous, N99.9%), sodium acetate, RPMI-1640, L-glutamine 200 mM, 100× antibiotic-antimycotic solution, Dulbecco's phosphate buffered saline (DPBS) and Triton X-100. The following materials were purchased from Fisher (UK): sodium hydroxide, acetonitrile (ACN, HPLC grade) and ethyl acetate. The following materials were also used: N, N-dicyclohexylcarbodiimide (DCC, Alfa Aesar, USA), methoxy-PEG-N-hydroxy succinimide (mPEG-NHS, Mw 5.4 kDa, Advanced Polymer Materials, Canada), Opti-MEM® and TrypLE express and foetal bovine serum (FBS) (Gibco Invitrogen, USA), 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium compound (MTS) and phenazine methosulfate (PMS) (CellTiter 96® Aqueous One Solution Cell Proliferation Assay, Promega, USA) and PLGA (DL-lactide/glycolide ratio 85:15, Mw 149 kDa, Alkermes Medisorb, USA). Live/Dead® BacLight viability kit containing propidium iodide and Syto 9 dye was purchased from Life Technologies Corporation, USA. The following materials were purchased for in vivo studies: Advanced RPMI-1640 media, penicillin-streptomycin 100 ×, Trypsin-EDTA (1×) with phenol red Glutamax™ supplement, phosphate buffered saline PBS (10 × and 1 ×, pH 7.4) were obtained from Gibco, Invitrogen (UK), plasma derived bovine serum (FBS) (First-Link, UK), pentobarbital sodium (Euthatal®, Merial, UK), Dulbecco's Modified Eagle Medium (DMEM, Invitrogen, USA) and carbocyanine perchlorate dye (DiI, Santa Cruz Biotechnology, USA). HPLC grade deionized water was used throughout, unless otherwise stated.
Synthesis of LACPEG
1 g lipoic acid (4.85 mmol) was dissolved in 20 mL DCM and reacted with NHS (560 mg, 4.87 mmol) and DCC (820 mg, 3.97 mmol), each dissolved in 10 mL of DCM. This reaction was carried out in the dark, under nitrogen at room temperature for 48 h. The solution was filtered (Whatman filter paper, 150 mm) to remove dicyclohexylurea crystals and rotary evaporated at 60°C and 280 rpm (Heidolph, UK) to remove solvent. The resultant thin film was dissolved in 20 mL anhydrous DMSO. 1 g mPEG-NHS (0.19 mmol) dissolved in 10 mL anhydrous DMSO was added to this solution, followed by addition of chitosan oligosaccharide (3-5 kDa) solution (23.26 mmol), prepared by dissolving 4 g chitosan oligosaccharide in 10 mL anhydrous DMSO and 5 mL water. The solution was stirred, under nitrogen, in the dark, for 48 h. This was filtered and dialysed (molecular weight cut-off, MWCO; 7 kDa) against DMSO for 2 h and water for a further 4 days. The resultant solution was lyophilised (Benchtop 2.0, Virtis Advantage, UK) to produce LACPEG. Lyophilisation (32 h) involved freezing the samples (−60°C), followed by primary and secondary drying, in which the vacuum (200 mT) was applied and the shelf temperature gradually increased to −20°C and then to +20°C.
Confirmation of LACPEG Synthesis
2.3.1. Fourier Transform-infrared (FT-IR) Spectroscopy 2 mg of lyophilised polymer and raw materials (chitosan, lipoic acid and mPEG-NHS) were analyzed using a Perkin-Elmer Spectrum 100 Fourier transform infrared (FT-IR) spectrometer (Perkin-Elmer, USA). FT-IR spectra were obtained in the range of 400-4000 cm −1 at a resolution of 4 cm − 1 and analyzed using Perkin-Elmer Express software (Perkin Elmer, USA).
Proton Nuclear Magnetic Resonance (
1 H NMR) Spectroscopy 5 mg chitosan was dissolved in 0.6 mL deuterium oxide, and 5 mg of lipoic acid and LACPEG were dissolved in 0.6 mL of deuterated chloroform and analyzed using a 400 MHz NMR spectrometer equipped with a 1 H inverse probe (Bruker Avance, Germany), and spectra processed using ACD/labs software (v. 12.01, Advanced Chemistry Development, UK).
Preparation of Hydrophobic Drug-loaded Micelles
Mixed micelles of LACPEG and DSPE-PEG were prepared using an optimized in-house method. Briefly, 10 mg of LACPEG, DSPE-PEG and a 50:50 mixture of the two polymers (with and without 0.5 mg hydrophobic drug) were dissolved in 5 mL ACN. The polymer to drug ratio was selected based on preliminary studies (results not shown) as the optimum ratio with the highest drug entrapment efficiency. ACN was removed using a rotary evaporator (Hei-VAP Advantage Rotary Evaporator, Heidolph, Germany) at 85°C, 150 rpm and 0 bar pressure (KNF Laboport, KNF Neuberger, Germany) for 15 min. The resultant thin film was dried under nitrogen to remove residual solvent. 1.5 mL of acetate buffer pH 4.1 (preheated at 55°C) was added to this film and mixed continuously in a 55°C water bath (Buchi B480, Sweden) for 5 min. A pH of 4.1 was employed to enhance drug solubility and increase the positive charge of polymer to maximise drug-polymer interaction and drug entrapment. The solution was then bath sonicated (Ultrawave bath sonicator, Ultrawave, UK) for 10 min, and allowed to stand for 3 h. The final solution was neutralized with sodium hydroxide, to be compatible with in vitro cell studies and filtered through a 0.22 μm filter (Millex-MP, Millipore, Ireland) to remove unentrapped drug. This preparation was used for the remaining studies.
For in vivo distribution and imaging studies micelles were prepared as described, with 375 μg DiI (2 mg/mL) replacing the hydrophobic drug. Samples were filtered using a PD-10 desalting column (GE Healthcare Life Sciences, UK) and then concentrated using centrifugal concentrators (Vivaspin 10 kDa, Vivascience, Germany) at 4°C, 4450 rpm for 45 min (Centrifuge 5804R, Eppendorf, Germany). PLGA microparticles, with a mean size 3.70 μm, were prepared using the w/ o/w double emulsion method . These microparticles are rapidly cleared from the blood and accumulate in the liver and spleen because of their large size (Lecaroz et al., 2007) . Therefore, they were selected as negative controls for the micelles prepared in this study, which are hypothesized to reach the tumor and show minimal spleen and liver accumulation.
Nanocarrier Size Distribution and Surface Charge
Nanocarrier size and surface charge were analyzed using dynamic light scattering and laser Doppler velocimetry, respectively (Zetasizer, Malvern Nano ZS, Malvern Instruments, UK). The kinetic stability of empty and hydrophobic drug-loaded micelles was assessed by measuring changes in particle size over time (Ribeiro et al., 2012) . Briefly, samples were placed in air-tight containers at 25°C and analyzed for their particle size distribution on the day of the preparation (day 0) and at various time intervals over 30 days.
Nanocarrier Morphology
The morphology of empty and hydrophobic-loaded micelles was assessed using transmission electron microscopy (TEM). 20 μL of sample was negatively stained with 1% uranyl acetate on a nitrocellulosecovered copper grid and observed using an FEI CM 120 Bio Twin transmission electron microscope (Philips Electron Optics, Netherlands). Images were taken using AMT digital TEM camera software (Deben UK, UK).
Solid-state Properties
Differential Scanning Calorimetry (DSC)
The solid-state properties of the polymers and lyophilised micelle preparations were assessed using pin-hole differential scanning calorimetry (DSC Q2000 module, TA Instruments, LLC, USA), as previously described (Slager and Prozonic, 2005) . 5 mg samples were crimped in aluminium pans (TA Instruments, LLC, USA) and heated at a rate of 20°C/min from 20 to 200°C (chitosan was heated to 350°C), cooled to − 20°C and then heated back up to 200°C under nitrogen atmosphere at a flow rate of 50 mL/min to prevent oxidation. An empty aluminium pan was used as a reference and indium used to calibrate the instrument. The thermograms where drawn using Universal Analysis 2000 software (TA Instruments, LLC, USA).
X-ray Powder Diffraction Studies (XRPD)
Solid-state properties were further assessed using X-ray powder diffractograms obtained from a Cu Kα radiation-based diffractometer (Xcalibur novaT X-ray diffractometer, Oxford Diffraction, Oxford, UK), which were processed using CrysalisPro software (Oxford Diffraction, Oxford, UK) and scanned at a step size of 10°2-theta.
Hydrophobic Drug Loading and Entrapment Efficiency
Reversed-phase high performance liquid chromatography (RP-HPLC) was used to quantify drug loading (DL) and entrapment efficiencies (EE). HPLC equipment was obtained from Agilent Technologies (UK); G1311C Quaternary Pump, G1329B Automatic Liquid Sampler and G1314C Variable Wavelength Detector. A Zorbax Eclipse® Plus C18 column (4.6 × 100 mm × 3.5 μm) was used with a guard cartridge (Fast Guard, 1.8 μm, Eclipse Plus C18, 4.6 mm). An isocratic mobile phase comprised: ammonium acetate (0.6% w/v), ACN (38% v/v) and MilliQ water (62% v/v). RP-HPLC was run with a flow rate of 1 mL/min, column temperature of 60°C, injection volume 2 μL and runtime 30 min. The lowest limit of quantification and the lowest limit of detection for the hydrophobic drug were 31 and 7.8 μg/mL, respectively. DL and EE were calculated using the following equations (Elsaid et al., 2012) :
2.9. Cell Culture Viability Assays A549 and PC-9 cells (European Collection of Cell Cultures) were cultured in RPMI-1640 supplemented with 10% FBS, 1 × antibioticantimycotic and 1% L-glutamine at 37°C in a humidified incubator with 5% CO 2 .
MTS Assay
The effect of drug solution, empty and drug-loaded micelles on the viability of A549 and PC-9 cells was investigated. Briefly, the MTS assay (CellTiter 96® Aqueous One Solution Cell Proliferation Assay, Promega, USA) was conducted in accordance with the manufacturer's instructions. Cells were seeded at a density of 2000 cells/well in 96-well plates and allowed to attach for 24 h. A549 and PC-9 cells were then exposed to samples for 72 h. MTS (5 mg/mL in PBS with PMS) was then added to the wells and incubated for a further 2 h, after which a water-soluble formazan product was produced, and absorbance measured at 490 nm using a microplate reader (Synergy HT, Bio-Tek Instruments, USA). The range of concentrations of micelles used in the drug-loaded micelles was equivalent to that used with the empty micelles, allowing direct comparison and determination of the effect of both micelles and drug on cell viability. Cell viability was expressed relative to control cells; with those exposed to media alone and those exposed to 1% Triton-X acting as positive and negative controls, respectively. Graphs were drawn using OriginPro 9.0. IC 50 values were taken as the concentration that would result in 50% cell viability.
Live/Dead Assay
A549 and PC-9 cells were prepared as for the MTS assay and exposed to media, 1% Triton-X or sample solutions for 72 h. The samples containing drug were prepared at concentrations of 10 and 0.4 μM for A549 and PC-9 cells respectively, with empty micelles prepared at equivalent concentrations. Cells were exposed to a solution comprising Syto 9 (3.34 μM) and propidium iodide (PI, 7.48 μM) and the cell viability and morphology imaged using a fluorescence microscope (EVOS® FL Auto Imaging System, Life Technologies, USA). 
In Vivo and Ex Vivo Biodistribution Determined by Optical Imaging
DiI-loaded micelles were injected into mice tail veins, at a dose of 500 mg/kg (DiI loading varied between formulations, range: 62-100%), and the mice imaged at different times (5 min, 1 h, 4 h and 24 h) using a pre-warmed (37°C) IVIS® Lumina series III imaging device (Caliper Life Sciences, Perkin Elmer, USA). Treatment groups (n = 3) included: control mice (injected with PBS), negative control (DiI-loaded PLGA microspheres), treatment mice (DiI-loaded DSPE-PEG and LACPEG/DSPE-PEG micelles). 24 h post-injection, mice were sacrificed by cervical dislocation and their major organs (heart, lungs, liver, spleen, intestine and kidneys) and tumors excised for ex vivo imaging. Fluorescence images were obtained using excitation wavelengths of 480, 500, 520, 540 and 560 nm and emission wavelength of 610 nm, with exposure time: 3 s; binning factor: 4; f number 2 and field of view: E-25 cm. Images were processed using the Living Image 4.3.1 service pack 2 software (Caliper Life Sciences, Perkin Elmer, USA). The fluorescence intensities quantified were divided by the weight of each organ and normalised to the liver, to account for variations in tissue weight and DiI dose injected, respectively.
Flow Cytometry Analysis of Ex Vivo Tumor Cells
Tumors were dissected, homogenized and trypsinized to obtain a single cell suspension which was analyzed by fluorescence-activated cell sorting (FACS) using a flow cytometer (FACSCalibur BD Biosciences, USA) and CellQuest software (Becton Dickinson, USA). DiI was measured with a FL-4 channel and data obtained from at least 5 × 10 4 cells. Autofluorescence from untreated cells was subtracted from the fluorescence of treated cells. Results were expressed as fluorescence intensity ± SD (n = 3).
Statistical Analysis
Data were analyzed using two-way analysis of variance and unpaired two-tailed student's t-test, with a p value of b0.05 considered as significant.
Results
Confirmation of LACPEG Synthesis-FT-IR and 1 H NMR Spectroscopy
The FT-IR spectrum for LACPEG ( H NMR spectra for LACPEG, chitosan and lipoic acid. The spectrum for chitosan showed peaks for the methyl, ethyl and sugar protons of the structure between 1.81 and 4.54 ppm. Peaks corresponding to these protons (1.65-4.16 ppm) were also obtained in the 1 H NMR spectrum of LACPEG. The peaks between 1.34 and 3.53 ppm and the peak at 3.62 ppm correspond to the lipoic acid and PEG components of LACPEG copolymer, respectively. Thus, synthesis of LACPEG was confirmed, supporting the FT-IR data.
Size and Surface Charge
The size, PDI and surface charge of empty and drug-loaded micelles are shown in Table 1 . The mean size of empty micelles was: LACPEG: 130 ± 1.25 nm, DSPE-PEG: 30.1 ± 0.39 nm, LACPEG/DSPE-PEG: 100 ± 0.62 nm. The mean size of these micelles was reduced significantly with the addition of the drug. LACPEG and LACPEG/DSPE-PEG micelles were positively charged and DSPE-PEG micelles were negatively charged. The surface charge became more positive/less negative on loading with the positively charged hydrophobic drug.
The physical stability of the micelles was assessed with respect to size distribution over 30 days period (Fig. 2) . Empty DSPE-PEG micelles increased 13-fold in mean size by day 30 (p b 0.05); PDI also increased from 0.5 on the day of preparation to 0.9 on day 30. LACPEG and LACPEG/DSPE-PEG micelles had a consistent mean size throughout the 30-day period, with unchanged PDI vales of 0.2 and 0.5 for LACPEG and LACPEG/DSPE-PEG micelles, respectively. The size distribution was unchanged over 30 days for all hydrophobic drug-loaded micelles. Fig. 3 shows the morphology of the empty and drug-loaded micelles as observed under TEM. DSPE-PEG micelles were clear structures and appeared larger than the LACPEG micelles. Micelles of LACPEG/DSPE-PEG differed in morphology to DSPE-PEG and LACPEG micelles.
Morphology
3.4. Solid-state Properties 3.4.1. DSC Fig. 4A shows the thermograms for the synthesized LACPEG polymer and its native constituents (lipoic acid, chitosan and PEG). The thermogram for chitosan showed a broad endothermic peak at 100°C secondary to water loss. The single endothermic peak at 64.2°C signifies the melting temperature of lipoic acid. PEG showed a bifurcated peak at 53.3°C and 57.6°C representing the presence of two polymorphic forms. The synthesized LACPEG polymer had a similar bifurcated peak to PEG but at lower temperatures of 48.9°C and 54.6°C.
The thermograms for the empty and drug-loaded micelles are shown in Fig. 4B . The hydrophobic drug showed a single endothermic peak at 194.1°C which reflects its crystalline nature. This peak disappeared in the thermograms for all of the drug-loaded micelles. The empty LACPEG micelles had a similar bifurcated peak as for the synthesized polymer, but at lower temperatures of 47.1°C and 51.5°C. This became a single endothermic peak with a higher melting temperature of 56.4°C with drug entrapment. A similar effect was obtained for the LACPEG/DSPE-PEG micelles. These micelles had a melting temperature of 55.2°C which was very similar to DSPE-PEG micelles. However, unlike LACPEG and LACPEG/DSPE-PEG micelles, the melting temperature of the DSPE-PEG micelles (55.1°C) did not differ with drug entrapment or to the native polymer.
XRPD
Fig . 4C shows the diffractograms for the LACPEG polymer and its native constituents. Lipoic acid is predominately crystalline, as demonstrated by several sharp peaks at 2θ = 18.5°, 22°and 24°. PEG showed semi-crystalline properties with characteristic peaks at 2θ = 19°and 23°. Chitosan showed broad diffraction peaks at 2θ = 18°, 33°and 40°. The diffractogram for LACPEG showed the characteristic peaks of PEG and chitosan at 2θ = 19°, 23°and 33°. The diffraction pattern of lipoic acid was reduced in LACPEG.
Fig . 4D shows the diffractograms for empty and drug-loaded LACPEG and DSPE-PEG micelles. The hydrophobic drug showed crystalline properties with several characteristic peaks at 2θ = 19°, 24°and 26°. These peaks, except for 2θ = 24°, were absent in the diffractograms for the drug-loaded micelles. This decline in crystallinity further confirms the DSC findings and may be attributed to drug entrapment. The DSPE-PEG polymer showed semi-crystalline properties with peaks at 2θ = 19°, 22°, 24°and 26°. The peaks for the DSPE-PEG polymer, together with those of LACPEG polymer, were all present in their respective micelles indicating that all of the micelles retained the semi-crystalline properties of their polymers.
Hydrophobic Drug Loading and Entrapment Efficiency
Micelle DLs and EEs are shown in Table 2 . DSPE PEG micelles showed no significant difference in EE compared to LACPEG/DSPE-PEG, though LACPEG micelles showed a significantly lower EE (p b 0.05).
3.6. Cell Culture Viability Assays 3.6.1. MTS Assay Fig. 5 shows the effect of drug solution, empty and drug-loaded micelles on the viability of A549 and PC-9 cells. The empty micelles (Fig. 5A and B) produced a cell-specific reduction in viability. For example, 1 mg/mL of DSPE-PEG micelles showed 80% cell viability in A549 cells (Fig. 5A ) and a much lower viability of 1.92% in PC-9 cells (Fig. 5B) . The mechanisms behind this need to be further studied. The cytotoxic effects elicited by the empty micelles, for both cell lines, were in the order: LACPEG N DSPE-PEG N LACPEG/DSPE-PEG.
The drug had IC 50 values of 11.9 ± 0.81 μM and 0.19 ± 0.15 μM in A549 and PC-9 cells, respectively, denoting drug-refractory and sensitive cell lines, respectively ( Fig. 5C and D) . Hydrophobic drug-loaded LACPEG micelles increased the sensitivity of A549 cells, with an IC 50 1.7-fold lower than drug alone (6.85 ± 1.85 μM compared to 11.9 ± 0.81 μM; p b 0.001), unlike drug-loaded DSPE-PEG and LACPEG/DSPE-PEG micelles (IC 50: 14.5 ± 2.75 μM and 9.90 ± 2.29 μM, respectively; p N 0.05). The toxicity of drug-loaded micelles in A549 cells was in the order: LACPEG N LACPEG/DSPE-PEG N DSPE-PEG and for PC-9 cells: DSPE-PEG N LACPEG N LACPEG/DSPE-PEG (IC 50 values of 0.10 ± 0.01, 0.24 ± 0.18 and 0.30 ± 0.13 μM, respectively).
Live/Dead Assay
The Live/Dead assay was conducted on A549 ( Fig. 6A ) and PC-9 (Fig.  6B ) cells to analyse the effects of drug solution, empty and drug-loaded micelles on cell viability and morphology. SYTO 9 permeates intact cell membranes of viable cells and stains the nuclei, emitting green fluorescence, whereas, PI stains dead cells with disrupted membranes and emits red fluorescence. The findings from this assay confirmed those obtained with the MTS assay, showing a similar proportion of dead cells. The drug induces apoptosis (Fig. 6) . The entrapment of drug in all the micelles studied resulted in a greater proportion of dead cells compared to drug solution and empty micelles; an effect most pronounced with drug-loaded LACPEG in A549 cells and with drug-loaded LACPEG, DSPE-PEG and LACPEG/DSPE-PEG micelles for PC9 cells. Effects were greater for PC-9 cells (Fig. 6B ) compared to A549 cells (Fig. 6A) , as the former are mutant EGFR cells and are therefore more sensitive to EGFR TKIs.
3.7. In Vivo and Ex Vivo Assessment 3.7.1. In Vivo and Ex Vivo Biodistribution Determined by Optical Imaging DiI-incorporated DSPE-PEG and LACPEG/DSPE-PEG micelles showed prolonged whole body circulation half-life (high fluorescence signals over 24 h following injection) and higher tumor accumulation compared to the negative control (PLGA microparticles) which exhibited lower whole body signals and higher signals in the liver and spleen (Fig. 7) , due to short blood circulation time and high RES uptake in vivo. These results were confirmed with the ex vivo studies carried out after 24 h (Fig. 7B) . The fluorescence intensities quantified were divided Table 1 Size, PDI and zeta potential of empty and drug-loaded micelles. Results are expressed as mean ± SD (n = 3). Abbreviations: H: hydrophobic drug.
Nanocarrier formulation
Size ( by the weight of each organ and normalised to the liver, to account for variations in tissue weight and DiI dose injected, respectively, (Fig. 7C ) and showed that there was no significant difference in tumor accumulation between DSPE-PEG and LACPEG/DSPE-PEG micelles, although they both showed 20-40-hold higher fluorescence (hence tumor accumulation) than PLGA microparticles. Prolonged circulation half-lives and tumor accumulation over 24 h for DSPE-PEG and LACPEG/DSPE-PEG micelles were also seen in in vivo and ex vivo studies conducted in LLC-tumor bearing C57/BL6 mice ( Fig. 7D-E) .
3.7.2. Flow Cytometric Analysis For Tumor Uptake FACS was performed to examine cellular internalisation of DiI-incorporated DSPE-PEG and LACPEG/DSPE-PEG micelles (Fig. 8) . Mean fluorescence was approximately 10 to 12 × higher than control (PBS solution) for DSPE-PEG and LACPEG/DSPE-PEG micelles (p b 0.05), respectively, but did not differ from each other (p = 0.05). It should be noted that a smaller amount of dye was injected into the mice in the case of LACPEG/DSPE-PEG compared to DSPE-PEG, due to differences in initial dye loading (63% and 100% DiI loading 100%, respectively), indirectly suggests that LACPEG/DSPE-PEG is able to internalise more efficiently into tumor cells than DSPE-PEG.
Discussion
Mixed micelles of LACPEG and DSPE-PEG were studied with the aim of improving the loading and delivery of a hydrophobic anticancer drug, with the chitosan component contributing to the cationic nature of the carrier, and the DSPE-PEG and lipoic acid components increasing circulation half-life, carrier stability and cellular uptake, as well as reducing carrier toxicity.
The conjugation of lipoic acid and PEG components, to the amino groups of chitosan, were confirmed using FT-IR and 1 H NMR (Fig. 1) . Hydrophobic drug-loaded micelles of LACPEG, DSPE-PEG and LACPEG/ DSPE-PEG were prepared and characterized. As in Fig. 2 , LACPEG micelles had mean size 130 nm, which corresponds with studies of pluronic-chitosan and stearic acid-chitosan micelles, which reported sizes of 93-181 and 33-131 nm, respectively (Lin and Chang, 2013; Yuan et al., 2011) . The positive surface charge of these micelles (+3.95 ± 1.03 mV; Table 1 ) is likely to be attributable to the chitosan component; previous studies have reported a concentration-dependent increase in the cationic nature of carriers based on the protonation of free surface amino groups of chitosan, in low pH environments. DSPE-PEG micelles were 30 nm in size, agreeing closely with published data (Remsberg et al., 2012) . The combination of LACPEG and DSPE-PEG polymers resulted in micelles of significantly (p b 0.001) smaller mean size compared to LACPEG micelles (100 and 130 nm, respectively). DLS results showed a single peak for the LACPEG/DSPE-PEG mixed micelles with an average PDI value of 0.35, indicating a fairly monodisperse pattern of size distribution. Similar PDI values have been noted with previous mixed micelles, in literature (Kulthe et al., 2014; Pepic et al., 2014; Varshosaz et al., 2015) . Although drug loading did result in an increase in the PDI value to 0.57, this was similar to the PDI value of DSPE-PEG micelles (0.52 and 0.44 for empty and drug-loaded, respectively).
Drug loading in LACPEG/DSPE-PEG micelles halved the size of the micelles (p b 0.001), an affect which was not observed for the LACPEG or DSPE-PEG micelles. This condensation may be attributed to differences in drug-micelle core interactions (Lee et al., 2004) . In the case of LACPEG/DSPE-PEG there could be increased strength in the cohesive forces between the drug and micelle core because of the increased hydrophobicity of the mixed micelles (with the additional lipoic acid component), which would also increase the stability of the micellar core (Tian and Mao, 2012) , and correlates with the increased physical stability (Fig. 2 ) and thermodynamic stability (Fig. 4) of these mixed micelles, discussed below. Furthermore, there are greater London dispersive forces within the mixed micelles, which could also contribute to the dramatic reduction in size of the micelles with drug entrapment. This is because the London dispersive force between the hydrophobic drug and the hydrophobic blocks within the polymer is stronger than that between the hydrophobic drug and water (Kim et al., 2010) , and is stronger than that which exists in the single micelles given the greater hydrophobic content of the mixed micelles. This dramatic reduction in micelle size is carrier specific, as in the literature, either no visible effect (Chen et al., 2013) or an increase (Ebrahim Attia et al., 2011; Zhao et al., 2012) in particle size and distribution was noted for other mixed micelles after hydrophobic drug loading. This is a major advantage to the use of these mixed micelles, given that the smaller size may aid tumor accumulation and cellular uptake. The difference in the interaction between the drug and the mixed micelles and the single micelles is further confirmed with the zeta potential values (Table 1) , where an increase in positive charge was noted with drug entrapment for LACPEG and DSPE-PEG micelles and a reduction in positive charge observed for drug-loaded LACPEG/DSPE-PEG micelles. It could be inferred from this finding that the difference in interactions (hydrophobic and London dispersive forces) for the mixed micelles influences the arrangement of the polymer and hence its surface charge.
Empty DSPE-PEG micelles increased dramatically in mean size (p b 0.01), with increased polydispersity by day 30, indicating reduced physical stability and aggregation. Previous studies have demonstrated that storage of these micelle solutions for longer than a week at 25°C results in carrier instability and precipitate formation (Johnsson et al., 2001) . LACPEG and LACPEG/DSPE-PEG micelles had consistent size distribution over the test period, suggesting a stability-enhancing influence from the LACPEG. Improved stability may have been achieved by variations in the hydrophobic (lipoic acid and DSPE) and hydrophilic components (PEG and chitosan) of the micelles; their chain length, molecular weight or content (Adams and Kwon, 2003) . Improved stability has previously been associated with mixed PEG-based micelles, such as poly(histidine)-PEG/DSPE-PEG and PEG-DSPE/TPGS Wu et al., 2013) . Increased storage stability of mixed micelles has been attributed to the increased interactions between the hydrophobic chains in the micellar core which would stabilize the structure, or to specific polymer characteristics, such as PEG content (Gao et al., 2008; Li et al., 2011; Zheng et al., 2016) . Drug-loading increased DSPE-PEG micelle stability (Fig. 2 ). This agrees with previous studies, which demonstrated that nanocarrier stability is influenced by hydrophobic drugmicelle core interactions (Lee et al., 2004) .
When observed using TEM (Fig. 3) , DSPE-PEG micelles appeared similar in structure to previously reported (Zhao et al., 2013) micelles. Micelles of LACPEG/DSPE-PEG differed in morphology to DSPE-PEG and LACPEG micelles, confirming the production of a new carrier. The solid-state properties for the empty and drug-loaded micelles were also assessed using DSC and XRD (Fig. 4) . The thermogram for chitosan was similar to that reported by other studies (Duan et al., 2004; Elsaid et al., 2012) . The same was also true for the lipoic acid thermogram (Zhao et al., 2014) . The reduction in the melting temperature of PEG, in the thermogram for LACPEG, indicates that the crystallization of this polymer was affected, possibly due to the chemical conjugation of PEG to the backbone of chitosan (Duan et al., 2004; Huang et al., 2010) . The water loss from chitosan, seen at 100°C was present in the thermogram for LACPEG. These results further corroborate the conjugation of the components to the chitosan backbone as was seen with the FT-IR and 1 H NMR data (Fig. 1) . The results obtained with XRD confirmed those found with the DSC data. The diffractograms for lipoic acid , PEG (Elsaid et al., 2012) and chitosan (Kumirska et al., 2010 ) correlated with literature. The peaks pertaining to lipoic acid within the LACPEG diffractogram reduced showing a decline in crystallinity which was in line with the DSC findings.
The melting point peak for the drug was not seen with the thermograms of the drug-loaded micelles, indicating a decline in the drug's crystallinity, possibly due to drug entrapment (Nasr et al., 2008; Tursilli et al., 2006) . Although the formation of the LACPEG micelles resulted in a reduction in the thermal stability when compared to the LACPEG polymer (as seen by a reduction in the melting points of the bifurcated peak), upon drug-entrapment a higher melting was seen, indicating the formation of a more thermally-stable polymorphic form of LACPEG micelles. The same was also seen with the LACPEG/DSPE-PEG, perhaps indicating a greater influence of the LACPEG component than the DSPE-PEG component on the thermal properties of the micelles. The melting point of DSPE-PEG micelles, unlike LACPEG/DSPE-PEG and LACPEG micelles, did not differ with drug-entrapment. Thus, gefiinib-entrapped LACPEG and LACPEG/DSPE-PEG micelles were more thermally stable than DSPE-PEG micelles (Fig. 4) , further confirming the physical stability data obtained (Fig. 2) . Furthermore, drug loading in the DSPE-PEG micelles caused an increase in the width of the endothermic peak (Fig. 4) . This may have been caused by PEG chain-chain entanglement as a result of van der Waals forces reported in PEG-based lipids (Hashizaki et al., 2003) and interaction with the hydrophobic drug. (A and B panel) . Empty micelles showed a reduction in the viability of both cell lines in the order of LACPEG N DSPE-PEG N LACPEG/DSPE-PEG. Greater cell death was obtained with drug-loaded LACPEG micelles compared to drug-loaded DSPE-PEG and LACPEG/ DSPE-PEG micelles, as empty LACPEG micelles showed the greatest toxicity and this contributed to the toxicity observed with the drug-loaded micelles. All of the tested formulations caused greater cell death in PC-9 cells compared to A549 cells. Abbreviations: L: lipoic acid-chitosan-poly(ethylene glycol); D: DSPE-PEG and H: hydrophobic drug. Results are expressed as mean ± SD (n = 9). Fig. 6 . Live-dead fluorescence images of A549 (A) and PC-9 (B) cells, exposed to drug solution, empty and drug-loaded micelles for 72 h. Controls used in this study were media-treated (positive) and Triton-X-treated (negative) cells. Abbreviation: H: hydrophobic drug. The images depict a greater proportion of dead (stained red with propidium iodide) compared to living (stained green with SYTO 9) cells for the drug-loaded micelles compared to the empty micelles and drug solution.
The EE of LACPEG micelles was 45.6% (Table 2) . A study of nanocarriers prepared from amphiphilic derivatives of chitosan, loaded with hydrophobic drugs (e.g. paclitaxel), reported EEs in the range of 23-32% (Aranaz et al., 2010) . This low EE may be due to the presence of multiple hydrophilic components, chitosan and PEG, which reduce the solubility (and hence entrapment) of the hydrophobic drug. This effect has been demonstrated previously, where an increase in the PEG component led to reduced drugs EE (Moribe et al., 1999a (Moribe et al., , 1999b , and EEs of up to 86% achieved with greater carrier hydrophobicity (Elsaid et al., 2012; Zhou et al., 2010; Zhou et al., 2013) . Micelles of LACPEG/ DSPE-PEG had a higher EE than LACPEG micelles (80.3% compared to 45.6%, p b 0.05); in line with other studies using lipid-based micelles to entrap hydrophobic drugs, reporting EEs N 89% (Chitkara et al., 2012) . Increasing the content of the hydrophobic moiety (and reducing the hydrophilic component) of micelles (e.g. PEG-PE/vitamin E micelles) has led to increased EE of hydrophobic drugs (Sarisozen et al., 2012) . Additionally, the high EE of the LACPEG/DSPE-PEG micelles may result from molecular interactions between the amino group in the chitosan of LACPEG and the phosphate group in the DSPE-PEG portion of the micelles, causing both polymers to form micelles with a more hydrophobic core than LACPEG micelles, improving hydrophobic drug entrapment. A similar molecular interaction has been reported between the amino groups of nystatin and the phosphate groups of DSPE-PEG micelles (Moribe et al., 1999a) . The DSPE-PEG component of the LACPEG/DSPE-PEG micelles could also be playing a greater role in the high EE of the mixed micelles as there was no statistically significant difference in the EEs of both micelles (DSPE-PEG was 80.9% and LACPEG/ DSPE-PEG was 80.3%).
The viability of A549 and PC-9 cells was assessed following exposure to drug solution, empty and drug-loaded micelles for 72 h (Fig. 5) . The cytotoxic effect of the empty micelles was in the order: LACPEG N DSPE-PEG N LACPEG/DSPE-PEG, for both cell lines. This may be due to several factors, namely micelle size, charge, PEG content and the number of polymer chains. Studies have shown that smaller nanocarriers are associated with greater induction of oxidative stress and hence toxicity (Jiang et al., 2009; Simon-Deckers et al., 2009 ). However, LACPEG micelles were larger than those of both DSPE-PEG and LACPEG/DSPE-PEG (Fig. 2 ) and showed greater cell death, indicating size is not the only determinant of cytotoxicity.
Micellar charge may also influence toxicity (Table 1) . A higher positive charge, as for LACPEG micelles, because of the chitosan component, has been associated with toxicity (Kean et al., 2005) . Mixed micelles of LACPEG/DSPE-PEG had a lower positive charge compared to LACPEG micelles (Table 1) , due to the addition of the negatively charged DSPE-PEG, and increasing the PEG component, which masks the charge (Malhotra et al., 2013; Sezgin et al., 2006) and reduces cytotoxicity (Malhotra et al., 2013) . This was seen with the LACPEG/DSPE-PEG micelles, which were least toxic in both cell lines. Perhaps the cancer cell death observed with the LACPEG micelles is not an indicator of toxicity but instead an observation of the carrier's apoptotic potential towards cancer cell lines. For instance, its lipoic acid component, has been shown to inhibit cell proliferation and growth, as well as induce the selective apoptosis of a number of cancer cell lines (through the downregulation of the BCL-2 protein), including lung cancer cells (Choi et al., 2009; Dozio et al., 2010; Michikoshi et al., 2013; Moungjaroen et al., 2006; Na et al., 2009; Wenzel et al., 2005) . Furthermore, previous studies have also shown that chitosan inhibits cell proliferation and metastases, as well as induces apoptosis (Hasegawa et al., 2001; Kim et al., 2013) . The cationic nature of LACPEG could also enhance the cellular uptake of the carrier (Peetla et al., 2014) , which could, in turn, increase these effects.
The concentration of micelles in the drug-loaded micelles (Fig. 5C and D) equalled that used in the empty micelles ( Fig. 5A and B) . Drugloaded LACPEG micelles had a 1.7-fold lower IC50 value than the drug solution in A549 cells, thereby increasing the sensitivity of this drug-refractory cell line. This was not the case with drug-loaded DSPE-PEG and LACPEG/DSPE-PEG micelles. This suggests a greater effect imparted from the LACPEG micelles, corresponding with empty LACPEG micelles have greater apoptotic effect than DSPE-PEG and LACPEG/DSPE-PEG micelles, thereby augmenting the effect of the drug.
The order of cancer cell death of drug-loaded micelles in A549 cells (LACPEG N LACPEG/DSPE-PEG N DSPE-PEG) differed to PC-9 cells (DSPE-PEG N LACPEG N LACPEG/DSPE-PEG). This may relate to cell specific variations in micelle uptake, dissociation rate (and hence the rate of drug release), as well as micelle stability with respect to their endosomal escape and subcellular distribution. For instance, polyhistidine (PHIS)-PEG/DSPE-PEG micelles were unstable at pH b 6, dissociating in the tumor environment, resulting in greater release of paclitaxel (and thus cytotoxicity) compared to DSPE-PEG micelles . The cellular uptake and endosomal escape in the tumor microenvironment for DSPE-PEG micelles is dependent on the degree of saturation of the alkyl chain (Bast et al., 2014) .
These data, obtained using the MTS assay, were confirmed using the Live/Dead assay (Fig. 6) , with greater cell death seen with A549 and PC-9 cells exposed to drug solution and drug-loaded micelles compared to their empty counterparts.
The mixed LACPEG/DSPE-PEG micelles were taken forward for further analysis, in vivo, using the CT26-tumor bearing BALB/c and LLCtumor bearing C57/BL6 mice models, for multiple reasons. They demonstrated a unique condensation effect with drug loading in addition to high entrapment efficiency, prolonged physical stability and an enhanced thermal stability. Further, the LACPEG/DSPE-PEG mixed micelles demonstrated a better safety profile relative to the single micelles. DSPE-PEG micelles were used in these in vivo studies as a comparative micelle system, given that it had a higher EE and better safety profile compared to LACPEG micelles.
For CT26-tumor bearing BALB/c mice ( Fig. 7A-C) , DiI-incorporated LACPEG/DSPE-PEG and DSPE-PEG micelles showed a prolonged circulation half-life and higher tumor accumulation than PLGA microparticles (negative control). The lower tumor accumulation observed with the PLGA microparticles may be attributed to their large size and consequent rapid clearance from the blood, with liver and spleen accumulation (Lecaroz et al., 2007) . These results were confirmed with ex vivo studies carried out after 24 h. The CT26-tumor bearing BALB/c mouse is a highly vascularised cancer model (Seguin et al., 2013) , with tumor accumulation influenced namely by circulation half-lives, and to a lesser extent nanocarrier size. Nanocarriers of b 200 nm with components reported to improve circulation half-lives, such as those incorporating polyethylene glycol (PEG), can exploit the EPR effect, passively entering and accumulating in tumors (Maruyama, 2011) . In this study, DSPE-PEG and LACPEG/DSPE-PEG micelles, showed no difference in tumor accumulation (Fig. 7C , where the fluorescence intensities quantified were divided by the weight of each organ and normalised to the liver, to account for variations in tissue weight and DiI dose injected, respectively) even though they differed in size (30 nm and 100 nm, respectively) and PEG content (2 and 7 kDa, respectively). Micelles with PEG molecular weights ≥ 2 kDa have prolonged circulation half-lives and increased deposition at tumor sites (Duan and Li, 2013; Gao et al., 2013; Lipka et al., 2010) .
Similar results were seen with the LLC-tumor bearing C57/BL6 mouse model ( Fig. 7D and E) . This is a low vascularised model, with tumor accumulation influenced to a greater extent by nanocarrier size (Weissig et al., 1998) . Previous studies have shown that tumor accumulation is inversely related to nanocarrier size. For instance, 20 nm DSPE-PEG micelles showed greater accumulation in Lewis Lung tumor in vivo than 100 nm liposomes (Weissig et al., 1998) . Tumor accumulation was observed for both LACPEG/DSPE-PEG and DSPE-PEG micelles over 24 h despite differences in sizes (100 and 35 nm, respectively). Thus, these micelles allow for tumor accumulation in multiple tumor models.
Flow cytometric analysis of tumor cell suspensions ex vivo showed comparable mean fluorescence intensities for both DSPE-PEG and LACPEG/DSPE-PEG micelles treatments (p = 0.05) (Fig. 8 ). Both were significantly higher (10-12×) than PBS treatment (p b 0.05). The fact that a smaller amount of dye was injected into the mice in case of LACPEG/DSPE-PEG (63% DiI loading) than DSPE-PEG (100% DiI loading), due to differences in initial dye loading, indirectly suggests that LACPEG/DSPE-PEG is able to internalise more efficiently into tumor cells than DSPE-PEG. Future studies can be carried out while fixing the DiI dose injected per mouse so that more quantitative in vivo tumor uptake data can be generated. The greater efficiency in tumor internalisation for LACPEG/DSPE-PEG micelles compared to DSPE-PEG micelles may be attributed to differences in either delivery to the tumor, accumulation within the endothelium or extravascular component of the tumors, or cellular uptake.
For instance, destabilization of DSPE-PEG micelles has been shown, post injection, on dilution in the blood and following interaction with plasma proteins, resulting in premature release of encapsulated agents Fig. 7 . In vivo bioluminescence imaging of DiI-incorporated micelles in CT-26 tumor-bearing BALB/c mice (A). Mice were intravenously injected (500 mg/kg dose, DiI dose administered varied with entrapment efficiency) into the tail vein and whole body dorsal and ventral images taken over a 24 h period (white arrows signify tumors). Control mice were injected with PBS solution. Prolonged whole body circulation and tumor accumulation was obtained for the micelles compared to the PLGA microparticles (negative control), which showed higher signals in the liver and spleen. Ex vivo bioluminescence studies for DiI-incorporated micelles in CT-26 tumor-bearing BALB/c mice images (B) and quantification of fluorescence signals for excised organs and tumors at 24 h, normalised to the liver (C), confirmed in vivo results. In vivo (D) and Ex vivo (E) bioluminescence imaging of DiI-incorporated micelles in LLC tumor-bearing C57/BL6 mice. All images were obtained by IVIS Lumina® III at exposure time: 3 s; binning factor: 4; f number 2, field of view: E-25 cm; λex: 480, 500, 520, 540 and 560 nm; λem: 620 nm. Results are expressed as mean ± SD (n = 3) for A, B and C and n = 1 for D and E. Abbreviations: D: DSPE-PEG and L/D: LACPEG/DSPE-PEG.
prior to the micelles reaching their target site (Castelletto et al., 2007; Kastantin et al., 2010) . Mixed micelles, on the other hand, have been shown to possess greater in vivo stability, resulting from the shielding of the hydrophobic components of the carrier, from the plasma proteins, by their greater PEG content . In this study, LACPEG/ DSPE-PEG micelles showed greater stability than DSPE-PEG micelles (showing no signs of aggregation on storage) and a greater interaction with the hydrophobic drug (as evidenced by the reduction in size post entrapment with the mixed micelles). Therefore, due to their enhanced stability, mixed micelles could show greater tumor accumulation than standard micelles. Although the LACPEG/DSPE-PEG and DSPE-PEG micelles showed no significant difference in tumor accumulation, as discussed above (Fig. 7C) , the data collected does not distinguish between the endothelium of the tumor and the extravascular component. It is possible that the positively-charged LACPEG/DSPE-PEG micelles have accumulated within the endothelium and hence shown greater cellular internalisation than the negatively-charged DSPE-PEG micelles, given that studies have shown that cationic carriers preferentially target and accumulate within the angiogenic endothelium of tumors compared to anionic carriers, which distribute into the extravascular compartment of tumors due to their extravasation (Krasnici et al., 2003) . Cellular uptake is also governed by the surface characteristics of the carrier (i.e. its hydrophobicity and charge) and its size. Hydrophobic carriers interact with the lipid bilayer of cell membranes to a greater extent than hydrophilic carriers, cationic carriers show greater interaction with the anionic cell membrane compared to anionic carriers and are more like to escape from endosomes after internalisation due to the 'proton-sponge' effect, and smaller nanoparticles show more rapid cellular uptake than larger particles (Kou et al., 2013) . In the case of LACPEG/DSPE-PEG micelles, their greater cellular internalisation when compared to DSPE-PEG, may be associated with the hydrophobicity (additional lipoic acid component) and charge (positive compared to the negatively-charged DSPE-PEG), rather than size, as the micelles are larger than for those of DSPE-PEG (100 nm compared to 30 nm for the empty micelles and 49.8 nm compared to 26.7 nm for the drug-loaded micelles). The smaller size of DSPE-PEG micelles could be contributing to a fast rate of exocytosis from the cell, an effect shown with nanoparticles b 50 nm, including mixed micelles of TPGS/Pluronic (Cao et al., 2016; Jiang et al., 2010; Oh et al., 2004; Serda et al., 2010) . It should be noted that although the hydrophilic components (chitosan and PEG) are greater in the mixed micelles, and studies have shown these components suppress the carriers' hydrophobic interaction with the cell membrane and reduce uptake (Kou et al., 2013) , they can help prolong the circulation time of nanocarriers in the blood and allow them to reach the target site, as was observed with the micelles in this study.
Despite the effectiveness of chemotherapeutic agents for treatment of cancer, they often possess a number of limitations, including poor water solubility, bioavailability and tumor accumulation. The objectives of this study were to synthesize a novel amphiphilic polymer; LACPEG and use this polymer alone, or mixed with DSPE-PEG, to prepare drugloaded micelles. These objectives were met with production of drugloaded micelles having mean sizes b 130 nm and entrapment efficiencies up to 81%. LACPEG inclusion improved the physical stability of the drug-loaded micelles. Empty LACPEG and DSPE-PEG micelles showed greater toxicity than LACPEG/DSPE-PEG micelles. The apoptotic potential of LACPEG micelles should be investigated in future studies. DSPE-PEG and LACPEG/DSPE-PEG micelles were taken forward for animal studies and showed prolonged whole body circulation and significant tumor accumulation in CT26-tumor bearing BALB/c and LLC-tumor bearing C57/BL6 mice. Although LACPEG/DSPE-PEG micelles showed similar drug loading to DSPE-PEG micelles, LACPEG/DSPE-PEG micelles are particularly attractive as they had greater size stability over 30 days, lower in vitro toxicity and is able to internalise more efficiently into tumor cells. These findings suggest that LACPEG and LACPEG/DSPE-PEG micelles may be considered as future platforms for delivery of poorly water soluble anticancer drugs.
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